Droplet-based microfluidics has been used to facilitate high throughput analysis of 19 individual prokaryote and mammalian cells. However, there is a scarcity of similar workflows 20 applicable to rapid phenotyping of plant systems. We report on-chip encapsulation and 21 analysis of protoplasts isolated from the emergent plant model Marchantia 22 polymorpha at processing rates of >100,000 protoplasts per hour. We use our microfluidic 23 system to quantify the stochastic properties of a heat-inducible promoter across a population 24 of transgenic protoplasts to demonstrate that it has the potential to assess gene expression 25 activity in response to environmental conditions. We further demonstrate on-chip sorting of 26 droplets containing YFP-expressing protoplasts from wild type cells using dielectrophoresis 27 force. This work opens the door to droplet-based microfluidic analysis of plant 28 cells for applications ranging from high-throughput characterisation of DNA parts to single-29 cell genomics. 30 31
Introduction 32
In light of recent advances in DNA synthesis and construct assembly, phenotyping of genetic circuits 33 generated by these components is likely to soon limit the rate of scientific progress. This is particularly 34 true for plant science, where the time required for generation of transgenic organisms ranges from 35 months to years. Protoplasts, individual cells whose wall has been removed through mechanical or 36 enzymatic means, offer an alternative to analysis of plant tissues and open up the possibility of high-37 throughput phenotyping of single cells 1 . Introduction of DNA into protoplasts by electroporation 2-7 , 38 PEG-based transfection 8,9 , or particle bombardment 10 has proven a valuable approach to transient 39 and stable transformation of nuclear and organellular genomes, in particular for plants not amenable 40
to Agrobacterium-mediated transgene delivery. Protoplasts have furthermore been used to 41 overcome barriers of sexual incompatibility in generating hybrid plants with novel 42 properties 11 . Following transformation or somatic hybridization, whole plants can be regenerated 43 from individual protoplasts through tissue culture 12 . In addition, protoplasts have become recognized 44 as convenient experimental systems for studying aspects of plant cell ultrastructure, genetics, and 45 physiology 13 . However, to date protoplasts have been extracted and analysed in bulk, limiting their 46 use. Recently, droplet-based microfluidics has gained increasing popularity as a platform for high-47 throughput culture, manipulation, sorting, and analysis of up to millions of individual cells under 48 diverse conditions 14-18 . 49 This approach is based on pico-to nanoliter-volume aqueous 50 microdroplets which spatially separate individual cells from one another during processing. To 51 date, droplet-based microfluidics has primarily been applied to bacteria 19-23 , unicellular eukaryotes 23-52 25 , and nonadhesive mammalian cells [26] [27] [28] . The prospect of utilizing this platform 53 for characterization and screening of individual plant protoplasts is highly attractive: high-throughput 54 screening of whole plants is substantially limited by their slow growth and size. By contrast, millions 55 of plant protoplasts may be processed in a matter of hours using droplet-based microfluidics, and so 56 could allow pre-selected protoplasts to be regenerated into whole plants. 57
Microfluidic devices have been applied for the collection and lysis 29 , culture 30 , chemically-induced 58 fusion 31 , electrofusion, 32 regeneration 33 , and developmental characterization 34 of plant 59 protoplasts. However, no system for the high-throughput characterization or sorting of individual 60 plants protoplast based on their level of gene expression has been reported to date. While widely used 61 for cell sorting, FACS cannot currently be applied to plant protoplasts as their fragility causes them to 62 rupture under strong acceleration. One group has thus used optical tweezers to displace non-63 encapsulated plant protoplasts in a microfluidic chip, but has not demonstrated successful sorting 35 . 64 In this paper, based on the genetic expression of a fluorescent reporter protein we demonstrate high-65 throughput characterization and sorting of plant protoplasts encapsulated individually 66 in aqueous microdroplets.
We use protoplasts derived from the 67 model plant Marchantia polymorpha 36 , which combines a simple genomic structure 37 with ease of 68 handling 38 and robustness of regeneration in absence of supplemented plant hormones 39 . We 69 enzymatically isolate Marchantia protoplasts from adult thalli, and encapsulate them via a flow-70 focusing microfluidic device. An optical detection setup integrated into the microfluidic channel 71 allows high-throughput quantification of chlorophyll autofluorescence or promoter-controlled 72 YFP fluorescence emitted by individual encapsulated protoplasts. We demonstrate how this droplet-73 based microfluidic system can be used to rapidly measure the stochastic properties of an inducible  74   plant   promoter  over  a  population of  individual  plant  75 protoplasts. We furthermore show this system is capable of automated sorting of individual 76 encapsulated protoplasts based on their YFP fluorescence intensity. Facilitating high-throughput 77 screening and enrichment of plant protoplasts based on expression of a fluorescent 78 reporter gene, our microfluidic system streamlines the identification and isolation of desired genetic 79 events in plant biology research and modern biotechnology. 1C), which is important for accurate quantification of cellular fluorescence intensity. The 90 same approach was also successful for encapsulation of the widely used angiosperm 91 model Arabidopsis thaliana (S1, S2 ESI †).
92
While encapsulated, protoplasts remained intact over a period of at least 12 hours ( Fig.   93 2). To quantify chlorophyll autofluorescence in individual encapsulated protoplasts, an 94 optical setup was integrated to the system (Fig. 3 ). Each microdroplet was re-95 injected into a microfluidic flow channel continuously exposed to a 491 nm laser beam. Figure S1 
